Abstract: 2µm thick DLC multilayer films were deposited on W9 high-speed steel with deep cryogenic pre-treatment (DCT) for 30 hours in liquid nitrogen by unbalanced magnetron sputtering technique, which were compared with the DLC films without DCT. The results show that compound systems with DCT exhibit higher film-substrate bonding strength and superior friction wear property, which are closely related to the DCT effect that martensitic transformation and decomposition, grain refinement and carbides precipitation. Thus the hardness, strength and residual stress of substrate are improved remarkably, and deformation compatibility between film and substrate under external load become more coordinating. Meanwhile, surface morphology of substrate is effectively adjusted by phase transformation, as a result, element diffusion and mechanical interlocking effect of film-substrate interface are optimized with added grain boundary and fine uniform organization.
group b after grinded and polished. Our previous experiments show that W9 high-speed steel in liquid nitrogen for 30 hours exhibits excellent integrated mechanical properties including hardness, strength and fracture resistance. So group b was DCT for 30 hours, and group a was untreated. Furthermore, in order to investigate stress variation of substrate in deposition processing, a part of samples were simulated for deposition temperature: were insulated in temperature of 160℃ environment for 4.5 hours. was adopted to deposit DLC films on polished high-speed steel substrates that had been ultrasonically cleaned in acetone and anhydrous ethanol respectively for 10 minutes. Magnetron sputtering deposition device of Shenyang scientific instrumental LD600 type was used for the deposition with solid graphite target and acetylene as C source. During the process of deposition, intermediate layers of Cr and Cr/C were sequentially introduced. Afterwards, film's thickness of all samples were controlled at about 2µm by adjusting deposition time. For this purpose, films-forming temperature is about 160℃ and deposition time is about 4.5 h. Detailed deposition procedure was found in our previous report [17] . Processing flow of high-speed steel substrates in this study is shown in Fig.1 Fig.1 Processing flow of high-speed steel substrates 2.2 Films and substrates characterization. The cross-section morphology and surface topography of DLC films were observed by SEM (JSM-6610) and AFM (CSPM-5500). The film-substrate bonding strength was qualitatively inspected by using Rockwell hardness tester (HR-150A) with 1471N for 10 seconds. The ball-disc friction and wear tester, produced by Swiss CSM company, was applied to friction and wear experiments. The wear test parameters were as follows: diameter of 304 stainless steel ball was 6 mm, axial load was 2 N, sliding distance was 200m, sliding speed was 6mm/s. Then, FESEM (JSM-6700F) and 3D laser microscope test (OLS4000) were used to observe the wear scars and their sectional contour. Metallographic microscope was applied to observing metallographic structure of high-speed steel. Besides substrates a, b, a1, b1 in fig.1 , the surface residual stress of substrates a2, b2 were measured by XRD (Bruker D8 DISCOVER). Because penetrating depth of X-ray is dozens of microns, which is far more than the thickness of DLC films, so it can roughly judge the effect of DCT on residual stress of substrate a2, b2.
Results and discussion

Structure of DLC films.
Cross-section morphology of DLC films is shown in Fig.2 (a) , it can clearly see that DLC films have three layers which combine well without obvious pores, from top to bottom respectively are DLC layer, Cr/C gradient layer and Cr transition layer, total thickness is about 2 microns. The unconformity and difference of thermal expansion coefficient between DLC films and substrates can be reduced by transition layer and gradient layer, thus inner stress of films is decreased and film-substrate bonding strength is improved to some extent. Fig.2 (b) shows the surface 3D topography of DLC films with 3000nm×3000nm of measure area, the average surface roughness and the size of maximum height of film respectively are 5.69 nm, 55.99 nm. DLC films in this study were deposited in a low-temperature condition and thermal no-equilibrium state, and their surfaces exhibit three-dimensional cauliflowers structure that are agglomerated by C atoms clusters [18] . In addition, some microscopic bumps and holes are randomly arranged in surface region, but there is no obvious defect. Fig.2 Cross-sectional morphology (a) and surface 3D topography (b) of DLC films 3.2 Film-substrate bonding strength of DLC films. Film-substrate bonding strength of DLC films are qualitatively evaluated in accordance with the damage made by Rockwell hardness tester. As seen in Fig.3 , lots of white matter is obviously seen around indentation edge of untreated DLC films, the continuous and comparative inerratic shedding occurs along the entire indentation circumference. Besides, it can be found that plaques are square shape instead of round or bar. Nevertheless, in comparison, shedding of DLC films with DCT around indentation circumference becomes intermittent, white matter and crack density of indentation are significantly reduced at the same time. Delamination and failure of films are closely related to the deformation compatibility and interface bonding strength between films and substrates. During the process of unloading, great elastic-plastic mismatch and high residual stress will be generated in film-substrate interface with poor deformation coordination, which leads to delamination of films. Moreover, shedding of plaques occurs on the edge of indentation because shear stress here is the largest. Shedding forming is affected by crack at the same time, square shape is mainly because of meshing formation effect of radial cracks and circumferential cracks [19] .
As seen in Fig.4 , there are a few coarse acicular martensites and partial residual austenites in untreated substrate, And white undissolved alloy carbide that in block or granule presents uneven distribution. At low temperature of DCT, the structure contraction and a different expansion coefficient of martensite and austenite cause a high degree of stress, which force carbon atoms to jump to grain boundaries, so carbide particle size is decreased and carbide distribution becomes more uniform. Transformation and decomposition of martensite bring refinement of grain and increase of grain boundary to substrate [13] [14] . On the one hand, greater contact areas of film and substrate due to the refine grains and new homogeneous carbides will provide more places to nucleation at the beginning of films deposition, and mechanical interlocking of interface will be enhanced in its favor. On the other hand, added grain boundaries will offer more channels for atoms diffusion to composite systems as well as new locations to intergranular segregation [20] . What's more, deformation compatibility of film and substrate becomes more coordinating due to the improvement of hardness, strength and toughness, it can reduce concentration of stress. So DLC films with DCT exhibit superior film-substrate bonding strength. Fig.5 and Fig.6 . It can be seen that both two groups of DLC films aren't worn out and failure only occurs within DLC layers. The untreated DLC films suffered heavily damage with obvious furrow, width of wear scar is about 200μm, while depth is about 0.8μm. Conversely, wear scar of DLC film with DCT is flat and smooth, the width and depth respectively are about 100μm, 0.25μm. The wear rate of films is reduced obviously through DCT, and the wear resistance of DLC films improved remarkably. Wear resistance and lifetime of DLC films are thus ruled by its capacity to handle through thickness cracks and interfacial failure [21] , just as the improvement of bonding strength that has been discussed in section 2.2 will promote wear resistance of DLC films. Additionally, wear resistance is influenced by load-bearing capacity of substrate.
As listed in Table 2 , residual stress of untreated substrate before deposition is -369.20 MPa, and the substrate through DCT is up to -446.02MPa. The high degree of added residual compress stress is mainly because of different expansion coefficient of grains in liquid nitrogen. Film deposition temperature has equal effect of low temperature tempering for substrate. Not only can it improve hardness and wear resistance, but it can reduce internal stress and brittleness of substrate. The surface residual stress of two groups both are close to -290MPa. It shows that the final residual stress of substrate without film isn't affected by DCT. However, as shows in Table 2 , residual stress of two groups of substrate after deposition respectively are -336.52MPa, -423.36MPa. It illustrates that there is some different interaction between films and various treatment substrate, the substrate with DCT after deposition shows greater residual compressive stress. In general, the increase of hardness, strength and surface residual compressive stress is beneficial to improvement of load-bearing capacity, which can inhibit generation and propagate of cracks in friction and wear, eventually exhibits predominant wear resistance. It also shows the important value of DCT in this study. 
